The neuropeptide nociceptin/orphanin FQ (N/OFQ) system can be activated under 2 conditions of stress and is associated with disorders of emotional regulation and reward 3 processing. N/OFQ and its cognate receptor, NOP, are highly enriched in dopaminergic 4 pathways, and intra-ventricular agonist delivery decreases dopamine levels in the dorsal 5 striatum, nucleus accumbens (NAc), and the ventral tegmental area (VTA). We used whole cell 6 electrophysiology in acute rat brain slices to investigate synaptic actions of N/OFQ in VTA 7 neurons. Consistent with previous reports, we found that N/OFQ is primarily inhibitory, causing 8 outward currents in both immunocytochemically identified dopaminergic (tyrosine hydroxylase 9 positive (TH(+)) and non-dopaminergic (TH(-)) VTA neurons (effect at 1 µM: 20 ± 4 pA). A
locked to the start of drug application. Results are presented as mean and standard error of the 174 mean (SEM). Differences between neuron populations were tested using two-tailed permutation 175 analyses unless otherwise indicated.
Results

N/OFQ effects on holding current in VTA dopamine and non-dopamine neurons 178
To test the postsynaptic responses of VTA neurons to N/OFQ, we made ex vivo whole 179 cell voltage clamp recordings (Vm = -60 mV). N/OFQ application changed the holding current in 180 71% (60/85) of neurons tested in the VTA (10 nM; Fig. 1A,B ). The majority of responses were 181 relatively small outward currents (73% of responsive neurons, 44/60; 54% of all neurons tested, 182 44/85; mean response = 15 ± 2 pA; Fig. 1D ), consistent with the opening of inhibitory GIRK 183 channels. Using post-hoc immunocytochemistry, we analyzed TH content in each recovered 184 neuron and found that N/OFQ inhibited both confirmed dopamine and non-dopamine neurons in 185 similar proportions (of 44 inhibited neurons, 23 were identified: TH(+): 10/23; TH(-): 13/23). The 186 magnitudes of responses were also similar between confirmed dopamine and non-dopamine 187 neurons (TH(+): 12 ± 2 pA (n = 10); TH(-): 10 ± 2 pA (n = 13); Fig. 1C ). The EC50 for these 188 outward currents is in the low nM range (8 ± 6 nM; Fig. 1E ).
190
To confirm responses were due to activation of the NOP and were not off-target effects,
191
we tested whether these inhibitions were blocked by the selective NOP antagonist BTRX- ± 3 pA) BTRX-246040 (100 nM) was applied for 10 min followed by N/OFQ application again.
194
BTRX-246040 consistently blocked N/OFQ-induced outward currents (baseline N/OFQ 195 response: 14 ± 3 pA; N/OFQ response in BTRX-246040: -1 ± 2 pA; n = 15; p<0.05; Fig. 2 ).
197
We also observed a subpopulation of neurons that responded to N/OFQ application with 
206
Concentration dependent desensitization of NOP 207 Given the inconsistencies in the reports of behavioral effects of NOP agonists and 208 antagonists, we tested whether N/OFQ causes rapid NOP desensitization at moderate doses.
209
We observed a concentration-dependent diminished response to a second application of 210 N/OFQ when the first application of N/OFQ was ³ 100 nM (n = 12; p = 0.00003; Fig. 4A,B ). This 211 is consistent with NOP desensitization, and observed in both TH(+) and TH(-) neurons ( Fig. 4B ).
212
In contrast, following administration of 10 nM N/OFQ, no difference in response was observed 213 between the first and second applications (n = 10; p = 0.13; Fig were observed in mPFC-projecting neurons. Five mPFC-projecting neurons were recovered and 229 processed for TH immunoreactivity; two were TH(+), and 3 were TH(-); all of these responded to 230 N/OFQ with an outward current ( Fig. 5D ).
232
VTA projections to different cortical targets, including the pACC, arise from largely 
239
Half of NAc-projecting VTA neurons (7/14) responded to N/OFQ with outward currents (9 240 ± 1 pA; Fig. 5C,D) . No excitations were observed in this projection. Of the 7 NAc-projecting 241 neurons that responded to N/OFQ, 2 were confirmed TH(+) and 3 were TH(-) ( Fig. 5D ).
242
Together, these data indicate that similar N/OFQ inhibitory effects occur in VTA neurons that 243 project to mPFC and NAc, but these effects are opposed to those on VTA projections to pACC, 244 some of which responded to N/OFQ with an inward current. where 100 nM is sufficient to prevent a subsequent response to 1 µM application of N/OFQ. B: A summary across VTA neurons where the first N/OFQ application was ³ 100 nM, the response to the second application was consistently smaller (p = 0.00003), in both TH(+) and TH(-) neurons (n = 2 and 5, respectively; n = 5 no TH data). C: Example voltage clamp recording (Vholding = -60 mV) showing that 10 nM N/OFQ does not impair responses to subsequent N/OFQ application. In the same cell, 100 nM did prevent additional responding. D: Summary across VTA neurons shows similar magnitudes of responses to the second application of N/OFQ when the first application was 10 nM (p = 0.13; TH(+) n = 4, TH(-) n = 2, TH no data n = 2). of these neurons, which strongly inhibits release but does not directly hyperpolarize the cell 268 bodies of these neurons (Fig. 6C ).
270
Discussion
271
The results presented here demonstrate that N/OFQ affects both dopaminergic and non- 
303
While this is the first report of N/OFQ-mediated excitations in an acute brain slice preparation, 
306
Therefore, while there are few reports of excitatory actions of N/OFQ, the observation is not 307 unprecedented.
308
We also found that in neurons treated with a higher concentration of N/OFQ (³ 100 nM) 
371
We found opposing effects of N/OFQ on the VTA projections to mPFC and pACC, which 
384
One provocative possibility is that it is this degradation of working memory function that is the 385 primary mechanism underlying the lack of place conditioning in response to central N/OFQ, 386 rather than that this treatment is affectively neutral. This interpretation is consistent with work
387
showing that N/OFQ blocks opioid induced conditioned place preference yet has no effect on 388 opioid self-administration as well (Sakoori and Murphy 2004; Walker et al. 1998 ).
389
The results of this study extend our understanding of the NOP system biology and 390 provide considerations for additional investigation into NOP function within limbic circuits.
391
These findings clarify that strong NOP desensitization occurs in neurons at moderate 392 concentrations of the endogenous agonist N/OFQ. Importantly, not only does the nature of the 393 NOP response vary with the projection target of VTA neurons, but the NOP function is largely 394 sequestered to the somatodendritic compartment of VTA dopamine neurons that project to the 395 NAc, demonstrating two different kinds of circuit level organization of this receptor system.
396
Building on this groundwork, future studies of these VTA circuits during different behavioral 397 states and tasks related to motivation and cognition will help to elucidate the differences 398 between the normal and dysfunctional NOP-N/OFQ system, improving the potential for 399 therapeutic targeting. 
